Abstract: Vickers microindentation hardness of protein crystals was investigated on the (110) habit plane of tetragonal hen egg-white lysozyme crystals containing intracrystalline water at controlled relative humidity. The time evolution of the hardness of the crystals exposed to air with different humidities exhibits three stages such as the incubation, transition, and saturation stages. The hardness in the incubation stage keeps a constant value of 16 MPa, which is independent of the humidity. The incubation hardness can correspond to the intrinsic one in the wet condition. The increase of the hardness in the transition and saturation stages is well fitted with the single exponential curve, and is correlated with the reduction of water content in the crystal by the evaporation. The saturated maximum hardness also strongly depends on the water content equilibrated with the humidity. The slip traces corresponding to the 110 [110] slip system around the indentation marks are observed in not only incubation but also saturation stages. It is suggested that the plastic deformation in protein crystals by the indentation can be attributed to dislocation multiplication and motion inducing the slip. The indentation hardness in protein crystals is discussed in light of dislocation mechanism with Peierls stress and intracrystalline water.
Introduction
The knowledge of the mechanical properties of crystals is important for the elucidation of intra-crystalline bonds and practical issues such as the limits of mechanical stability [1, 2] . The mechanical properties of protein crystals is greatly affected by water content, although dislocations still play a crucial role in plastic deformation. However, our understanding of the mechanical properties of protein crystals is poor compared with those for metal and covalent crystals. The reason is that most of the classical techniques developed for studying mechanical properties of metal solid appear inapplicable due to the small size and high fragility of protein crystals. On the other hand, there are interesting studies on the mechanical response to the hydration of biological materials such as bone by using micro-and nano-indentation techniques [3] [4] [5] [6] . Such mechanical properties in hydrated biomaterials seem to be partially similar to those in protein crystals, although they are non-crystals.
Protein crystals are composed of huge protein molecules with irregular shapes. They also contain a large amount of water with 20 to 70 vol. % [7, 8] . These features are responsible for complex and weak intermolecular interactions in protein crystals. This also leads to the difficulty of protein crystallization [8] . On the other hand, it is expected that these features can lead to unique mechanical properties [9] [10] [11] . The intracrystalline water in protein crystals is qualitatively classified into two types: one is free water moving freely through the crystals and the other is bound water held around each protein molecule [12] [13] [14] . Especially, the free water can be easily evaporated when the crystals are exposed to open air. Thus the water content in the crystals is sensitive to the environmental condition such as relative humidity. The change in the water content affects the mechanical properties. Therefore, the experiments with controlled water content or relative humidity are required for not only accurate measurement but also understanding of water behavior in the crystals and the corresponding unique mechanical properties.
Most of the studies on the mechanical properties of protein crystals have been carried out for hen egg-white lysozyme (HEWL) crystals with polymorphisms such as tetragonal, orthorhombic, monoclinic, and triclinic forms. The pioneer studies on the elastic properties of cross-linked HEWL crystals had been carried out by Morozov and Morozova [15] [16] [17] . The dynamic elastic constants for native and gel-grown crystals containing sufficient intracrystalline water were measured in the ranges of MHz and GHz by the ultrasonic pulse-echo method [18] [19] [20] and the Brillouin scattering method [21] [22] [23] , respectively. These measurements were carried out in the growth solution and the corresponding 98% relative humidity (% RH). Almost all elastic constants for cross-linked tetragonal (T)- [24] and orthorhombic (O)-HEWL crystals [25] containing sufficient intracrystalline water at room temperature with 98% RH were determined by the ultrasonic pulse-echo method. The value of C 11 of the normal elastic component in T-HEWL crystals is 5.50 GPa, which is almost equal to 5.24 GPa of O-HEWL crystals. Note that these values are much lower than 12.99 GPa of the bulk modulus of hydrated lysozyme molecule [20] . On the other hand, the C 44 of the shear component in O-HEWL crystals is 0.30 GPa, which is about a half as low as 0.68 GPa of T-HEWL crystals. The change in the shear elastic constant seems to be correlated with the water contents of 39 and 43 vol. % for native T-and O-HEWL crystals, respectively. Thus, the shear elastic constant in protein crystals is more sensitive to the water content than the normal one.
Furthermore, it was measured by the ultrasonic pulse-echo method that the normal and shear elastic constants of the T-HEWL crystals dried at 42% RH are about 2 and 4 times as large as those in the wet condition with 98% RH, respectively [26] . A similar trend depending on the relative humidity has been also observed for dynamic elastic constants measured in the range of GHz by the Brillouin scattering method [22] . These results also mean that the magnitudes of the elastic constants, especially the shear component, in protein crystals strongly depend on water content associated with relative humidity. The shear elastic constant is strongly related to the characteristics of dislocations playing a crucial role in the plastic deformation. It is therefore suggested that the plastic deformation associated with dislocations is also more sensitive to water content than elastic properties.
The studies on plastic properties of protein crystals have been carried out by using Vickers microindentation method, mainly with T-HEWL ones [27] [28] [29] . In the wet condition, the indentation marks were clearly observed on the (110) crystal plane. Slip traces were also observed around the indentation. From the analysis of the slip traces, it has been shown that the plastic deformation is controlled by the dislocation mechanism with the {110} 110 slip system. This has been also supported by the observation of slip dislocations by X-ray topography [30, 31] . The average activation energy of the dislocation motion has been also evaluated to be 0.6 eV from the measurements of the temperature dependence of the indentation hardness [28] . Furthermore, it has been found that the indentation hardness increases with the evaporation of the intracrystalline water in open air where the evaporation time dependence of the hardness has three stages such as incubation, transition, and saturation stages [29] . The maximum value of the hardness in the dried condition has been about one order of magnitude larger than that in the wet condition. Recently similar behaviors have been also observed for O-HEWL crystals [32] . However, these measurements have been carried out under ambient humidity. To clarify the hardness behavior, experiments under controlled relative humidity would be desirable.
The plastic characteristics for glucose isomerase (GI), ferritin, trypsin, and insulin crystals besides HEWL ones have been also investigated by indentation method [33] and pushing method with a glass filament [34, 35] . The unique plastic behavior such as creep was observed for GI crystals [33] . Additionally, extremely high quality GI crystals were clarified by X-ray topography with dislocation images and Pendellösung fringes [36] . On the other hand, a detailed mechanical response with anisotropic properties was simulated by using a continuum-based crystal plasticity model which was calibrated with Vickers microindentation hardness data [37] . This simulation with the hardness data enabled us to deduce the critical resolved shear stress on the slip plane of the T-HEWL crystals. Therefore, it is expected that the hardness measurements under controlled relative humidity can lead to more precise plastic characteristics.
In this paper we report the indentation hardness on the (110) habit plane of the T-HEWL crystals under controlled relative humidities. The time evolution of the hardness of the crystals exposed to air with different humidities exhibits three stages such as the incubation, transition, and saturation stages. The hardness in the incubation stage keeps a constant value of 16 MPa which is independent of the humidity. The incubation hardness can correspond to the intrinsic one in the wet condition. The increase of the hardness in the transition and saturation stages is well fitted with a single exponential curve, and is correlated with the reduction of water content in the crystal by the evaporation. The saturated maximum hardness also strongly depends on the water content equilibrated with the humidity. The slip traces corresponding to the 110 [110] slip system around the indentation marks are observed in not only the incubation but also the saturation stages. It is suggested that the plastic deformation in the protein crystals by the indentation can be ascribed to dislocation multiplication and motion inducing the slip. The indentation hardness in the protein crystals is discussed in light of the dislocation mechanism with Peierls stress and intracrystalline water. Figure 1 shows the time evolution of Vickers microindentation hardness on (110) habit plane of T-HEWL crystals at 296 K exposed to air with 35.9% RH. The hardness strongly depends on the exposure time to air. Note that the exposure of the crystal to air can lead to the evaporation of the intracrystalline water. The behavior of hardness exhibits three stages with increasing exposure time, as reported previously [29] . First stage is the incubation stage in which the magnitude of hardness keeps a constant value even during the water evaporation, where the indented plane is still kept in wet condition. Second stage is the transition stage in which the magnitude of hardness increases with increasing exposure time where the indented plane is partially dried. Third stage is the saturation one in which the magnitude of the hardness reaches a maximum value and almost keeps the value with increasing exposure time where the indented plane is highly dried. The maximum hardness can be controlled by the water content in the crystal equilibrated with the environmental condition such as temperature and humidity.
Results and Discussion

Hardness at Controlled Humidity
From data points in Figure 1 , it is noted that the scatter of measured values in each stage, especially transition and saturation stages, is less than that reported elsewhere [27, 29] . The low scattering of measured values is attributed to controlled relative humidity in this work. Thus, more accurate analysis of the hardness becomes possible. The value of the hardness in the incubation stage is found to be 16 MPa, as seen in Figure 1 . This value is slightly lower than that reported previously [27] [28] [29] . The reason can be attributed to the high accuracy for the measurements at controlled humidity. The hardness of 16 MPa is considered to be intrinsic incubation hardness in T-HEWL crystals containing sufficient intracrystalline water, although the origin for the incubation stage is discussed later.
Furthermore, it is found that the hardness curve in transition and saturation stages is well fitted with single exponential curve given by 20 MPa in the time evolution of the , as shown in Figure 1 , was defined as a starting point in the transition stage. From the fitting, we can evaluate h = 0.027 min −1 and max = 247.6 MPa. Figure 2 shows the time evolution of Vickers microindentation hardness on 110 habit plane of T-HEWL crystals at 296 K exposed to air with different relative humidities such as 35.9, 42.1, 54.7, 73.6, and 84.0% RH, where measured crystals have different sizes of 1.6, 7.5, 1.9, 1.8, and 1.7 mm 3 , respectively. All of hardness curves exhibit three stages such as incubation, transition, and saturation. At higher humidity of 84.0% RH, longer exposure time is required for the appearance of the saturation stage, as shown in Figure 2 (b). It should be noted that the magnitude of the hardness in the incubation stage is independent of relative humidity, and keeps a constant value, as shown in Figure 2 (c). This result is in good agreement with that in O-HEWL crystals reported recently [32] . Therefore, it is suggested that the hardness in the incubation stage corresponds to the intrinsic one of T-HEWL crystals with sufficient intracrystalline water in the wet condition as O-HEWL crystals.
The constant value of the hardness on 110 plane of T-HEWL crystals in the incubation stage is 16 MPa even under different humidities, as seen in Figure 2 (c). The value is about two times as high as the average hardness of 7.8 MPa of O-HEWL crystals reported recently [32] . Actually, the hardness value of T-HEWL crystals in the incubation stage is higher than all values of 5.7, 8.1, and 9.6 MPa on 110 , 010 , and 011 crystal planes of O-HEWL crystals. The high hardness can be ascribed not only to the crystal form but also to the water content with 39 vol. % in T-HEWL crystals smaller than 42 vol. % in O-HEWL crystals as mentioned above.
For transition and saturation stages, all the hardness curves are well fitted with single exponential curves, as shown in Figures 2 (a) and (b) . The h and max obtained by the fitting are presented in Table 1 . The rate constant, h , depends on the relative humidity, as shown in Table 1 .
The value of h increases with decreasing relative humidity. The value at 35.9% RH is 0.027 min −1, which is about seven times as high as 0.004 min −1 at 84.0% RH. The high h for the increase of the hardness can be attributed to the high evaporation rate of the intracrystalline water under low relative humidity. Figure 2 shows the time evolution of Vickers microindentation hardness on (110) habit plane of T-HEWL crystals at 296 K exposed to air with different relative humidities such as 35.9, 42.1, 54.7, 73.6, and 84.0% RH, where measured crystals have different sizes of 1.6, 7.5, 1.9, 1.8, and 1.7 mm 3 , respectively. All of hardness curves exhibit three stages such as incubation, transition, and saturation. At higher humidity of 84.0% RH, longer exposure time is required for the appearance of the saturation stage, as shown in Figure 2b . It should be noted that the magnitude of the hardness in the incubation stage is independent of relative humidity, and keeps a constant value, as shown in Figure 2c . This result is in good agreement with that in O-HEWL crystals reported recently [32] . Therefore, it is suggested that the hardness in the incubation stage corresponds to the intrinsic one of T-HEWL crystals with sufficient intracrystalline water in the wet condition as O-HEWL crystals.
The constant value of the hardness on (110) plane of T-HEWL crystals in the incubation stage is 16 MPa even under different humidities, as seen in Figure 2c . The value is about two times as high as the average hardness of 7.8 MPa of O-HEWL crystals reported recently [32] . Actually, the hardness value of T-HEWL crystals in the incubation stage is higher than all values of 5.7, 8.1, and 9.6 MPa on (110), (010), and (011) crystal planes of O-HEWL crystals. The high hardness can be ascribed not only to the crystal form but also to the water content with 39 vol. % in T-HEWL crystals smaller than 42 vol. % in O-HEWL crystals as mentioned above.
For transition and saturation stages, all the hardness curves are well fitted with single exponential curves, as shown in Figure 2a Table 1 . The rate constant, k h , depends on the relative humidity, as shown in Table 1 . The value of k h increases with decreasing relative humidity. The value at 35.9% RH is 0.027 min −1, which is about seven times as high as 0.004 min −1 at 84.0% RH. The high k h for the increase of the hardness can be attributed to the high evaporation rate of the intracrystalline water under low relative humidity. can be ascribed to the low water content by the evaporation of a large amount of intracrystalline water under low relative humidity. Thus, the H max v is controlled by the water content in the crystal equilibrated with environmental conditions such as relative humidity. Additionally, the hardness at 100% RH is extrapolated from a fitted curve for the humidity dependence of the maximum hardness, as shown in Figure 3 . The extrapolated value is 7 MPa, which is even lower than 16 MPa in the incubation stage related to the wet condition, as mentioned above. The low value of the extrapolated hardness can correspond to real one of T-HEWL crystals in the solution at 100% RH.
Crystals 2017, 7, 339 6 of 14 84.0% RH. The high max can be ascribed to the low water content by the evaporation of a large amount of intracrystalline water under low relative humidity. Thus, the max is controlled by the water content in the crystal equilibrated with environmental conditions such as relative humidity. Additionally, the hardness at 100% RH is extrapolated from a fitted curve for the humidity dependence of the maximum hardness, as shown in Figure 3 . The extrapolated value is 7 MPa, which is even lower than 16 MPa in the incubation stage related to the wet condition, as mentioned above. The low value of the extrapolated hardness can correspond to real one of T-HEWL crystals in the solution at 100% RH. 
Evaporation of Intracrystalline Water
In order to know the behavior of water evaporation, the change in crystal weight of T-HEWL crystals exposed to different relative humidities was measured by using a thermogravimetric analyzer in which the humidity is controlled by the flow ratio of wet and dry N2 gases. Figure 4 (a) shows time evolutions of crystal weights of T-HEWL crystals at 296 K exposed to N2 gas with different relative humidities such as 39.1, 55.7, 74.3, and 92.9% RH. Note that the crystal weight at = 0 corresponds to the sum of weights of intrinsic crystal with sufficient intracrystalline water and excess water around the crystal. As seen in Figure 4 (a), the crystal weight monotonically decreases with time evolution. The decay curves at 55.7, 74.3, and 92.9% RH are well fitted with single exponential curves given by
where is the relative weight to the initial one at = 0, w1 is first rate constant for the reduction of weight, i.e., the evaporation of water, and is the exposure time to N2 gas with controlled humidity. The typical fitting with single exponential curve for the measured decay curve at 92.9% RH is shown in Figure 4 (b). The well-fitting by single exponential curve means that there is no significant change in the evaporation rate for the intracrystalline water and common water around the crystal. Namely, the characteristic of the evaporation of crystalline water, probably free water, is similar to that of common water. Additionally, the single exponential fitting is in good agreement with that in the hardness curves in transition and saturation stages, as shown in Figure 2 . Thus, it is suggested that the change in the hardness in transition and saturation stages can be strongly correlated with the behavior of the evaporation of intracrystalline water, probably free water. The rate constant, w1 , for 
In order to know the behavior of water evaporation, the change in crystal weight of T-HEWL crystals exposed to different relative humidities was measured by using a thermogravimetric analyzer in which the humidity is controlled by the flow ratio of wet and dry N 2 gases. Figure 4a shows time evolutions of crystal weights of T-HEWL crystals at 296 K exposed to N 2 gas with different relative humidities such as 39.1, 55.7, 74.3, and 92.9% RH. Note that the crystal weight at t = 0 corresponds to the sum of weights of intrinsic crystal with sufficient intracrystalline water and excess water around the crystal. As seen in Figure 4a , the crystal weight monotonically decreases with time evolution. The decay curves at 55.7, 74.3, and 92.9% RH are well fitted with single exponential curves given by
where W is the relative weight to the initial one at t = 0, k w1 is first rate constant for the reduction of weight, i.e., the evaporation of water, and t is the exposure time to N 2 gas with controlled humidity. The typical fitting with single exponential curve for the measured decay curve at 92.9% RH is shown in Figure 4b . The well-fitting by single exponential curve means that there is no significant change in the evaporation rate for the intracrystalline water and common water around the crystal. Namely, the characteristic of the evaporation of crystalline water, probably free water, is similar to that of common water. Additionally, the single exponential fitting is in good agreement with that in the hardness curves in transition and saturation stages, as shown in Figure 2 . Thus, it is suggested that the change in the hardness in transition and saturation stages can be strongly correlated with the behavior of the evaporation of intracrystalline water, probably free water. The rate constant, k w1 , for the reduction of crystal weight, i.e., the evaporation of intracrystalline water, is estimated by the fitting for the decay curve. The values of k w1 for the decay curves at different humidities in Figure 4 are presented in Table 2 .
Crystals 2017, 7, 339 7 of 14 the reduction of crystal weight, i.e., the evaporation of intracrystalline water, is estimated by the fitting for the decay curve. The values of w1 for the decay curves at different humidities in Figure 4 are presented in Table 2 . On the other hand, the decay curve at the lowest humidity of 39.1% RH is well fitted not with single but with two exponential curves given by
where w2 is second rate constant for the reduction of crystal weight and and are the ratios of two kinds of evaporation processes with first and second rate constants, respectively. The clear difference in the fitting accuracy with single and two exponential curves is confirmed in Figure 5 (a) and (b). The well-fitting with two exponential curves means that the decay curve contains two kinds of evaporation processes with fast and slow rate constants. The two rate constants are also presented On the other hand, the decay curve at the lowest humidity of 39.1% RH is well fitted not with single but with two exponential curves given by
where k w2 is second rate constant for the reduction of crystal weight and A 1 and A 2 are the ratios of two kinds of evaporation processes with first and second rate constants, respectively. The clear difference in the fitting accuracy with single and two exponential curves is confirmed in Figure 5a ,b. The well-fitting with two exponential curves means that the decay curve contains two kinds of evaporation processes with fast and slow rate constants. The two rate constants are also presented in Table 2 . From comparing the values of rate constants in Table 2 , fast evaporation process corresponding to k w1 is observed in all humidities. As mentioned previously, there are two kinds of intracrystalline waters such as free water and bound water in protein crystals. It is therefore considered that the fast component, k w1 , is related to the evaporation of free water which can be easily evaporated through the crystal.
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in Table 2 . From comparing the values of rate constants in Table 2 , fast evaporation process corresponding to w1 is observed in all humidities. As mentioned previously, there are two kinds of intracrystalline waters such as free water and bound water in protein crystals. It is therefore considered that the fast component, w1 , is related to the evaporation of free water which can be easily evaporated through the crystal. Figure 6 shows the fast rate constant, w1 , for the reduction of crystal weight, i.e., the evaporation of free water, as a function of the relative humidity. The w1 increases with a decrease in the relative humidity. This means that the low humidity leads to the increase of the reduction rate of crystal weight, i.e., the evaporation rate of free water. The value of w1 at lowest humidity of 39.1% RH is 0.049 min −1 , which is larger by more than one order compared with 0.003 min −1 at highest humidity of 92.9% RH. This trend depending on the humidity is similar to the behavior of h for the increase of the hardness with decreasing humidity, as shown in Figure 6 . On the other hand, the values of w1 for the reduction of crystal weight, especially for low humidities, are higher than those of h for the increase of the hardness, as seen in Figure 6 . The discrepancy in the values might be due to the difference in humidity-control systems with dry-wet and N2 gas flow used in the hardness and crystal weight measurements, respectively.
The second, i.e., slow, rate constant, w2 , of evaporation processes is observed at only lowest humidity of 39.1% RH. The slow component, w2 , can be related to the evaporation of bound water around each protein molecule. Strictly bound water around protein molecules forms hydration layers [12, 14, 38] . The water in the outer layer is loosely bound to the protein compared with the inner layer. The loosely bound water can be evaporated at low humidity, although it is strongly bound with the protein compared with the free water. On the other hand, as shown in Figure 2 , the hardness curve is well-fitted with single exponential one even under the lowest humidity. These results imply that the evaporation of the loosely bound water gives no significant effect on the behavior of the crystal hardness in this work.
As mentioned so far, the monotonical reduction of crystal weight, i.e., the evaporation of intracrystalline water, can explain the change in the hardness in the transition and saturation stages, whereas it cannot be simply correlated with a constant value of the hardness in the incubation stage. Now, let us consider the mechanism for the incubation. The intracrystalline water, mainly free water, is monotonically evaporated. On the other hand, the hardness first keeps a constant value in the incubation stage, as mentioned above. This means that the surface region corresponding to the indentation depth in the incubation stage is kept at the wet condition, although the intracrystalline water is monotonically evaporated. According to the studies on the drying mechanism in porous materials [39] [40] [41] , the evaporation of water at the surface is followed by the flow of interior water to the surface. Similar process can occur in protein crystals with free water. When the evaporation rate of the surface water is equal to the diffusion rate of interior water to the surface, the crystal surface is Figure 6 shows the fast rate constant, k w1 , for the reduction of crystal weight, i.e., the evaporation of free water, as a function of the relative humidity. The k w1 increases with a decrease in the relative humidity. This means that the low humidity leads to the increase of the reduction rate of crystal weight, i.e., the evaporation rate of free water. The value of k w1 at lowest humidity of 39.1% RH is 0.049 min −1 , which is larger by more than one order compared with 0.003 min −1 at highest humidity of 92.9% RH. This trend depending on the humidity is similar to the behavior of k h for the increase of the hardness with decreasing humidity, as shown in Figure 6 . On the other hand, the values of k w1 for the reduction of crystal weight, especially for low humidities, are higher than those of k h for the increase of the hardness, as seen in Figure 6 . The discrepancy in the values might be due to the difference in humidity-control systems with dry-wet and N 2 gas flow used in the hardness and crystal weight measurements, respectively.
The second, i.e., slow, rate constant, k w2 , of evaporation processes is observed at only lowest humidity of 39.1% RH. The slow component, k w2 , can be related to the evaporation of bound water around each protein molecule. Strictly bound water around protein molecules forms hydration layers [12, 14, 38] . The water in the outer layer is loosely bound to the protein compared with the inner layer. The loosely bound water can be evaporated at low humidity, although it is strongly bound with the protein compared with the free water. On the other hand, as shown in Figure 2 , the hardness curve is well-fitted with single exponential one even under the lowest humidity. These results imply that the evaporation of the loosely bound water gives no significant effect on the behavior of the crystal hardness in this work.
As mentioned so far, the monotonical reduction of crystal weight, i.e., the evaporation of intracrystalline water, can explain the change in the hardness in the transition and saturation stages, whereas it cannot be simply correlated with a constant value of the hardness in the incubation stage. Now, let us consider the mechanism for the incubation. The intracrystalline water, mainly free water, is monotonically evaporated. On the other hand, the hardness first keeps a constant value in the incubation stage, as mentioned above. This means that the surface region corresponding to the indentation depth in the incubation stage is kept at the wet condition, although the intracrystalline water is monotonically evaporated. According to the studies on the drying mechanism in porous materials [39] [40] [41] , the evaporation of water at the surface is followed by the flow of interior water to the surface. Similar process can occur in protein crystals with free water. When the evaporation rate of the surface water is equal to the diffusion rate of interior water to the surface, the crystal surface is always kept in the wet condition. Namely, the water content at the surface is kept at nearly constant, although the intracrystalline water is monotonically evaporated. Such equilibrium of evaporation and diffusion rates can be kept in high water content so that a constant value of the hardness at the wet condition appears as the incubation stage.
Crystals 2017, 7, 339 9 of 14 always kept in the wet condition. Namely, the water content at the surface is kept at nearly constant, although the intracrystalline water is monotonically evaporated. Such equilibrium of evaporation and diffusion rates can be kept in high water content so that a constant value of the hardness at the wet condition appears as the incubation stage. Further reduction of water content leads to the decrease of the water evaporation and diffusion rates. Especially, the diffusion rate of interior water to the surface is more reduced compared with the evaporation demand after a critical water content in the crystal [42] . This reduction of diffusion rate leads to the drying at the indentation surface. As a result, the transition stage with the increase of the hardness appears with the drying. Thus, the constant hardness in the incubation stage can be explained based on the drying process in porous materials [39] [40] [41] . This also means that the drying mechanism of protein crystals with free water is similar to that of porous materials. Additionally, according to the drying process in porous materials [39, 40] , the rapid drying before the incubation stage occurs, although it is actually difficult to measure it. Thus, real hardness of protein crystals in the solution becomes smaller than 16 MPa in the incubation stage in Figure 2 . This is consistent with the small hardness of 7 MPa at 100% RH extrapolated from the fitted curve for the humidity dependence of the max in Figure 3 .
Such drying behavior in protein crystals affects the intermolecular interaction, e.g., lattice constant and elastic constant. The change in the intermolecular interaction greatly influences the dislocation mechanism, playing a crucial role in the plastic deformation. Figure 7 shows indentation marks formed on 110 planes in the three stages. As seen in Figure 7 (a), the slip traces indicated by arrows around the indentation mark are clearly observed in the incubation stage related to the wet condition, as reported previously [27] [28] [29] . It is suggested that plastic deformation brought about by indentation mainly results from dislocation multiplication and motion, inducing the slip in the crystal. On the other hand, no clear slip trace around the indentation mark has been observed in the saturation stage related to the dried condition so far. This might be attributed to small plastic deformation corresponding to small indentation mark due to the high hardness in the saturation stage. In this work, the indentions with higher loads were also applied in the saturation stage. As a result, the clear slip traces around the larger indentation marks were Further reduction of water content leads to the decrease of the water evaporation and diffusion rates. Especially, the diffusion rate of interior water to the surface is more reduced compared with the evaporation demand after a critical water content in the crystal [42] . This reduction of diffusion rate leads to the drying at the indentation surface. As a result, the transition stage with the increase of the hardness appears with the drying. Thus, the constant hardness in the incubation stage can be explained based on the drying process in porous materials [39] [40] [41] . This also means that the drying mechanism of protein crystals with free water is similar to that of porous materials. Additionally, according to the drying process in porous materials [39, 40] , the rapid drying before the incubation stage occurs, although it is actually difficult to measure it. Thus, real hardness of protein crystals in the solution becomes smaller than 16 MPa in the incubation stage in Figure 2 . This is consistent with the small hardness of 7 MPa at 100% RH extrapolated from the fitted curve for the humidity dependence of the H max v in Figure 3 . Such drying behavior in protein crystals affects the intermolecular interaction, e.g., lattice constant and elastic constant. The change in the intermolecular interaction greatly influences the dislocation mechanism, playing a crucial role in the plastic deformation. Figure 7 shows indentation marks formed on (110) planes in the three stages. As seen in Figure 7a , the slip traces indicated by arrows around the indentation mark are clearly observed in the incubation stage related to the wet condition, as reported previously [27] [28] [29] . It is suggested that plastic deformation brought about by indentation mainly results from dislocation multiplication and motion, inducing the slip in the crystal. On the other hand, no clear slip trace around the indentation mark has been observed in the saturation stage related to the dried condition so far. This might be attributed to small plastic deformation corresponding to small indentation mark due to the high hardness in the saturation stage. In this work, the indentions with higher loads were also applied in the saturation stage. As a result, the clear slip traces around the larger indentation marks were sometimes observed even in the saturation stage related to dried condition as seen in Figure 7d . These results suggest that dislocation multiplication and motion can occur for the plastic deformation in all stages. However, actually, it is still difficult to observe the slip traces around the indentation marks even by high load indentation. This might be related to the poor crystal quality in the saturation stage, i.e., dried condition. These results suggest that dislocation multiplication and motion can occur for the plastic deformation in all stages. However, actually, it is still difficult to observe the slip traces around the indentation marks even by high load indentation. This might be related to the poor crystal quality in the saturation stage, i.e., dried condition. The surface morphology inside the indentation mark in the incubation stage is rough compared with the smooth surface in the transition and saturation stages, as seen in Figure 7 . Additionally, the edges of the indentation mark in the incubation stage are partially disturbed in contrast to the sharp edges in another stages. Such roughness of the indentation mark can be ascribed to the pull-out effect due to the adhesion depending on the hydration by the indenter [43] [44] [45] . The correction of the adhesion on protein crystals by the indenter would be required for more accurate analysis of the indentation hardness.
Dislocations and Peierls Stress
The directions of all slip traces indicated by arrows in Figure 7 (a) and (d) are parallel to 001 , as reported previously [27] [28] [29] . According to the dislocation self-energy in previous papers [28] , 110 001 ( = 3.79 nm) and 110 110 ( = 11.1 nm) are suggested as possible slip systems corresponding to 001 slip traces, where is the magnitude of Burgers vector. However, the main slip system of 11 0 001 does not appear on the 110 surface, since the 110 plane contains the 001 axis. On the other hand, when the secondary slip system of 11 0 110 is active, the slip traces of 001 directions can be observed on the 110 plane. Thus, the slip traces observed near the The surface morphology inside the indentation mark in the incubation stage is rough compared with the smooth surface in the transition and saturation stages, as seen in Figure 7 . Additionally, the edges of the indentation mark in the incubation stage are partially disturbed in contrast to the sharp edges in another stages. Such roughness of the indentation mark can be ascribed to the pull-out effect due to the adhesion depending on the hydration by the indenter [43] [44] [45] . The correction of the adhesion on protein crystals by the indenter would be required for more accurate analysis of the indentation hardness.
The directions of all slip traces indicated by arrows in Figure 7a ,d are parallel to 001 , as reported previously [27] [28] [29] . According to the dislocation self-energy in previous papers [28] , {110} 001 (b = 3.79 nm) and {110} 110 (b = 11.1 nm) are suggested as possible slip systems corresponding to 001 slip traces, where b is the magnitude of Burgers vector. However, the main slip system of 110 001 does not appear on the (110) surface, since the (110) plane contains the 001 axis. On the other hand, when the secondary slip system of 110 [110] is active, the slip traces of 001 directions can be observed on the (110) plane. Thus, the slip traces observed near the indentation marks on the (110) surface, as seen in Figure 7a ,d, correspond to secondary slip systems of 110 [110] .
Finally let us consider the mechanism of plastic deformation and hardness in protein crystals by indentation. The applied stress due to the indenter is concentrated in the indentation region and rapidly decreases away from it. When the indenter contacts the specimen surface, dislocations are generated beneath the indenter where the stress is very high. Then, the generated dislocations are able to move away from the indented region and thus T-HEWL crystals can deform plastically. Generally speaking, it is difficult to describe quantitatively the hardness value of crystals in terms of dislocation mechanism because the stress distribution around an indentation is very complicated. Peierls stress required to make a dislocation move in the crystal is estimated, although it cannot be directly related to the hardness. To evaluate the Peierls stress, we use a simple form of classic Peierls stress [46, 47] given by
where G is the shear modulus, ν is Poisson's ratio, d is the distance between slip planes, and b is the magnitude of Burgers vector. In this work, the Peierls stresses are evaluated for 110 [110] (b = 11.1 nm) slip system experimentally observed in both wet and dried T-HEWL crystals in the incubation and saturation stages, respectively, as seen in Figure 7 . The Peierls stress of wet or hydrated T-HEWL crystals at 98% RH is estimated to be 10.7 MPa with G = 0.70 GPa, ν = 0.42, d = 5.59 nm, and b = 11.1 nm where those values used in the calculation are experimental ones obtained from the measurements of sound velocities and X-ray diffractions of hydrated T-HEWL crystals at 98% RH, reported previously [24] . On the other hand, the Peierls stress of dried or dehydrated T-HEWL crystals at 42% RH is evaluated to be 57.2 MPa with G = 2.64 GPa, ν = 0.37, d = 5.23 nm, and b = 10.5 nm. Note that those values used in the calculation are also experimental ones obtained from the measurements of sound velocities and X-ray diffractions of dehydrated T-HEWL crystals at 42% RH, reported previously [26] . The value of Peierls stress at 42% RH is 57.2 MPa, which is about six times as high as 10.7 MPa at 98% RH. This trend depending on the humidity is in good agreement with the increase of one order of the hardness experimentally observed at 42% RH, as shown in Figure 2 . Additionally, the values of the Peierls stress are similar order to 16 and 198 MPa in the incubation and saturation stages at 42% RH, respectively, as shown in Figure 2 . Thus, it is suggested that the hardness in protein crystals can be comparably correlated with Peierls stress based on simple model as typical metal and covalent crystals.
Materials and Methods
Three times crystallized HEWL (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was used without further purification. T-HEWL crystals (P4 3 2 1 2, a = b = 7.91 nm, c = 3.79 nm, Z = 8) were grown by means of a salt-concentration gradient method at 296 K in test tubes held vertically and using NiCl 2 as a precipitant [48] . Large crystals up to a size of 5 mm were grown over two weeks. Almost all the crystals had habit plane such as {110} and {101}. In this experiment, T-HEWL crystals with (110) habit plane of approximately 2 × 2 mm 2 were used for the measurements of Vickers hardness and crystal weight.
The Vickers hardness, H v , was measured by using a microindentation testing machine (HM-221, Mitutoyo Co., Kawasaki, Japan). In order to measure the hardness at controlled relative humidity, the testing machine was covered with a simplified plastic chamber with 12.1 × 10 −3 m 3 . The relative humidity in the chamber is controlled by using water, silica-gel (Wako Pure Chemical Industries, Ltd., Osaka, Japan), and humidity control agents (DRY WET, Toshin Chemicals Co., Tokyo, Japan).
The lower humidity of 35.9% RH was controlled by using the silica-gel (190 g). The middle humidity of 42.1 and 54.7% RH is realized by using the DRY WET (40 g). The higher humidities of 73.6 and 84.0% RH were reached by using water (300 mL). Note that the controlled humidity in the chamber slightly depended on the outside humidity, since the simplified chamber had a little leak from the outside. The time evolution of the hardness was measured at 296 K in air with the controlled relative humidities. Just after the crystal is transferred from solution on the indentation stage in open air, the crystal plane is covered with solution droplet. In that situation, it is difficult to indent the crystal plane and/or observe the indentation marks. The clear indentation marks are confirmed after a few minutes with the evaporation of water. That time when the first indentation mark is observed is defined as t = 0 of exposure time to air.
The indentation was carried out on (110) habit planes of T-HEWL crystals. The indenter, with a load of 4.9 mN (0.5 g weight) and 490 mN (50 g weight), was pulled down to the crystal plane at a velocity of 0.01 mms −1 . The contact period of the indenter with the plane was 5 s, which is hold time at maximum load. The indentation marks were observed by using an optical microscope with a magnification of 100. In this experiment, the length of the diagonal of the indentation mark was approximately 20 µm in the incubation stage. The distance between the indentation marks and crystal edges was 50 µm at least. The separation of the indentation marks is more than the same length of indentation marks at least. It is difficult to separate the indentation marks with longer length since the area of the indentation marks is limited due to the small crystal. A standard block of hardness (HV700, Yamamoto Scientific Tool Laboratory, Funabashi, Japan) was used for calibration of the microindentation testing machine. The H v was determined with equation 1.854 Fd −2 , where F (N) and d (mm) are the load and average length of the diagonal of the indentation mark, respectively. Note that the hardness, as evaluated above, would include the error of 10% at least assuming the error of 1 µm in the measured value of the diagonal of d = 20 µm.
The weight measurement was carried out at 296 K by using a thermogravimetric analyzer (STA7000, Hitachi High-Technologies Co., Tokyo, Japan). In this analyzer, the relative humidity was controlled by a gas mixture of dry and wet N 2 gases with controlled water vapor. The flow rates of dry and wet N 2 gases were 200 and 100 mL/min, respectively.
Conclusions
We have shown the indentation hardness of T-HEWL crystals with intracrystalline water under controlled relative humidities. The hardness strongly depends on the water content in the crystals associated with the evaporation and humidity. The evaporation process is similar to that in porous materials. The slip traces related to dislocations multiplication and motion are clearly observed around the indentation marks. The hardness and plastic deformation in protein crystals by the indentation can be explained by the dislocation mechanism with Peierls stress and the change in the water content. The knowledge of such a dehydration process on the hardness of protein crystals is useful for the elucidation of not only the fundamental interest but also various applications and practical issues such as the handing of the protein crystals, e.g., substrate or drug binding, heavy-atom compound binding, and cryoprotectant soaks.
